To study nuclear and mitochondrial deoxyribonucleic acid (DNA) synthesis during the cell cycle, a 15N-labeled log-phase population of Saccharomyces cerevisiae was shifted to 14N medium. After one-half generation, the cells were centrifuged on a sorbitol gradient in a zonal rotor to fractionate the population according to cell size and age into fractions representing the yeast cell cycle. DNA samples isolated from the zonal rotor cell samples were centrifuged to equilibrium in CsCl in an analytical ultracentrifuge to separate the nuclear and mitochondrial DNA components. The amount of 14N incorporated into each 15N-labeled DNA species was measured. The extent of nuclear DNA replication per sample was obtained by measuring the amount of hybrid DNA. The percentage of hybrid nuclear DNA increased from 6 to 68% and then decreased to 44% during the cell cycle. Upon ultracentrifugation, mitochondrial DNA banded as a unimodal peak in all zonal rotor samples. Mitochondrial DNA replication could be ascertained only by the 14N level in each mitochondrial peak and not, as with nuclear DNA, by hybrid DNA level. In contrast to the nuclear incorporation pattern, the 14N percentage in mitochondrial DNA remained effectively constant during the cell cycle. Comparison of the data to theoretical distributions showed that nuclear DNA was replicated discontinuously during the cell cycle, whereas mitochondrial DNA was replicated continuously throughout the entire mitotic cycle.
To study nuclear and mitochondrial deoxyribonucleic acid (DNA) synthesis during the cell cycle, a 15N-labeled log-phase population of Saccharomyces cerevisiae was shifted to 14N medium. After one-half generation, the cells were centrifuged on a sorbitol gradient in a zonal rotor to fractionate the population according to cell size and age into fractions representing the yeast cell cycle. DNA samples isolated from the zonal rotor cell samples were centrifuged to equilibrium in CsCl in an analytical ultracentrifuge to separate the nuclear and mitochondrial DNA components. The amount of 14N incorporated into each 15N-labeled DNA species was measured. The extent of nuclear DNA replication per sample was obtained by measuring the amount of hybrid DNA. The percentage of hybrid nuclear DNA increased from 6 to 68% and then decreased to 44% during the cell cycle. Upon ultracentrifugation, mitochondrial DNA banded as a unimodal peak in all zonal rotor samples. Mitochondrial DNA replication could be ascertained only by the 14N level in each mitochondrial peak and not, as with nuclear DNA, by hybrid DNA level. In contrast to the nuclear incorporation pattern, the 14N percentage in mitochondrial DNA remained effectively constant during the cell cycle. Comparison of the data to theoretical distributions showed that nuclear DNA was replicated discontinuously during the cell cycle, whereas mitochondrial DNA was replicated continuously throughout the entire mitotic cycle.
Among different phylogenetic groups, the relationship between the initiation and termination of nuclear and mitochondrial deoxyribonucleic acid (DNA) synthesis is not constant. Whereas nuclear DNA synthesis is confined within a restricted segment of the normal mitotic cycle, mitochondrial DNA synthesis does not appear to be so restricted. Some organisms synthesize mitochondrial DNA throughout the mitotic cycle; others display a periodicity for its synthesis. Following is a review of the temporal distribution patterns for mitotic mitochondrial DNA synthesis in various organisms.
Mitochondrial DNA is synthesized at a relatively constant rate during the entire cell cycle in Physarum (3, 6, 10, 14) and Tetrahymena (5, 21, 22) . Mouse fibroblast mitochondrial DNA replicates throughout the cell cycle, although maximal replication appears to occur in early S-phase (19) . Depending on the cell synchrony procedure, HeLa cells either replicate mitochondrial DNA in S-phase and G2 or constantly during the cell cycle (23) . Euglena gracilis mitochondrial DNA replicates during S-phase and daughter cells are about equal size. As for S. cerevisiae life cycle phases other than mitosis, mitochondrial DNA synthesis is continual during the mating reaction, first zygotic bud initiation (E. P. Sena, J. Welch, and S. Fogel, manuscript in preparation), and also during early meiosis in both a/a euploid diploids (24) and a/a disomic haploids (17) . This paper reports data concerning both nuclear and mitochondrial DNA replication during the S. cerevisiae mitotic budding cycle. DNA replication was monitored by estimating 14N incorporation into '5N-labeled DNA. A 15N-labeled logarithmically growing population shifted to 14N medium for one-half a cell generation was fractionated on a sorbitol gradient in a zonal rotor, a procedure which separates logphase cells according to size and age into fractions spanning the mitotic cycle. The extent of 14N incorporation into the nuclear and mitochondrial DNA in each mitotic cycle fraction was determined.
MATERIALS AND METHODS Strain. A haploid single-spore isolate of S. cerevisiae diploid a 5032A x a 5032B (from the Berkeley collection) containing a tryptophan marker was used: a 6B trp-4. This strain was chosen because it readily releases its buds during log phase in liquid minimal medium; after sonic treatment, all cells are either unbudded or possess a single bud.
Media. The defined liquid minimal medium (YNB) for culture growth contained (per liter of water); 1.45 g of yeast nitrogen base without amino acids or ammonium sulfate (Difco) supplemented with 50 mg of (15NH4)2SO4 (International Chemical and Nuclear Corp.; 99 atom%), 500 mg of glucose, and 30 mg of L-tryptophan. Cells were grown at 30 C.
Density label shift. About 1.8 x 107 cells, grown in 100 ml of YNB for eight generations, were transferred to 3 liters of YNB in a 6-liter flask and grown 16 h on a rotory shaker. When the cell concentration reached 4.3 x 10 cells/ml, 90 ml of 10% (wt/vol) (14NH4)2S04 was added. After an additional 1 h of growth (one-half generation), direct addition of ice to the flask cooled the culture to 4 C. The cells were harvested by centrifugation at 4 C, washed once with distilled water, and resuspended in 20 ml of cold distilled water.
Cell population fractionation. The 20-ml cell suspension was sonically treated at 50 W for 10 s to disperse cell clumps (Heat Systems Sonifier) and immediately layered onto a sterile 8 to 35% sorbitol gradient in an MSE zonal rotor (1,300 ml) at 4 C and centrifuged at 1,200 rpm for 10 min. Halvorson (12) 
RESULTS
To study nuclear and mitochondrial DNA synthesis during the cell cycle, a "IN-labeled log-phase population of S. cerevisiae was shifted to 14N medium. After a time lapse equal to one-half generation (60 min), the cells were centrifuged on a sorbitol gradient in a zonal rotor to fractionate the population according to cell size and age (25) . This fractionation does not perturb the cell's biochemical balance and yields cell samples sufficient for DNA isolation.
Consecutive gradient fractions were pooled into nine samples, containing at least 4 x 108 cells/sample, to facilitate subsequent DNA isolation. The cell number per sample varied as shown in Fig. 1 . The distribution of cell number within the rotor is very similar to a coulter counter cell size distribution plot of the unfractionated log-phase population (Fig. 1) . The close identity between the two distributions strongly suggests that zonal rotor fractionation separated cells according to their size.
Further evaluation of fractionation was obtained from the distributions of DNA content per cell and percent of budded cells across the rotor (Fig. 2) . Sample 1 contained 94% unbudded cells, budding increased in samples 2 through 5 and stabilized at 86% budded cells in samples 6 through 9. DNA content per haploid cell unit increased from 18.5 fg to 34 fg (1 femtogram = 10-15 g) across the rotor. Since excellent morphological separation was achieved, and DNA synthesis displayed kinetics commonly observed for a synchronous yeast population (31), we assumed that the successive rotor fractions adequately represent the continuum of the yeast cell cycle.
Chemical estimations of total DNA per cell, such as those in Fig. 2 into '5N nuclear and mitochondrial DNA fractions, DNA samples were centrifuged to equilibrium in CsCl in an analytical ultracentrifuge to separate the nuclear and mitochondrial DNA components. The buoyant densities of both nuclear and mitochondrial DNA peaks were calculated from microdensitometer tracings of their ultraviolet photographs. In all, 11 DNA samples were analyzed: (i) the initial log-phase '5N-labeled population; (ii) the unfractionated population after onehalf generation growth in '4N medium; and (iii) the nine samples obtained from the zonal rotor. The "IN-labeled cells contained nuclear DNA of buoyant density 1.715 g/cm5 and mitochondrial DNA of density 1.699 g/cm' (Fig. 3) . After the cell population had replicated for a period equal to one-half a cell generation in '4N medium, hybrid ('5N: "4N) nuclear DNA (p = 1.708 g/cm) appeared and the mitochondrial DNA peak shifted to 1.696 g/cm3. Figure 4 shows the densitometer tracings obtained from the nine zonal rotor samples. The average mitochondrial peak density for all nine samples The extent of nuclear DNA replication per sample during the one-half generation incorporation of 14N, was obtained by measuring the amount of hybrid DNA. Figure 5 shows that the percentage of hybrid nuclear DNA increased from 6 to 68% and then decreased to 44% during the cell cycle. Since heavy and hybrid peaks were not seen in any zonal rotor mitochondrial DNA sample, mitochondrial DNA replication could be ascertained only by the 14N level in each mitochondrial peak. In contrast to the nuclear incorporation pattern, the '4N percentage in mitochondrial DNA remained effectively constant during the cell cycle (Fig. 6 ).
DISCUSSION
The usefulness of the zonal rotor procedure for cell cycle studies relies upon a successful fractionation across the rotor. If the consecutive zonal rotor samples represent increasing cell age in the cell cycle, they should display the bud initiation distribution and a discontinuous DNA synthetic pattern observed in a synchronous population. Since zonal rotor samples analyzed here and elsewhere (25) satisfy these criteria ( Fig. 1, 2) , we conclude that they represent adequately the yeast cell budding cycle. Therefore, they may be used to study the timing of DNA replication during the cell cycle.
Nuclear DNA synthesis. Although a discontinuous nuclear DNA synthetic pattern based on measurements of total DNA per cell across the mitotic cycle is well documented, studies on nuclear DNA replication during the yeast cell cycle based on Fig. 2 ).
added should contain decreasing levels of DNA hybrid. Accordingly, the theoretical hybrid nuclear DNA distribution (Fig. 5) should be bell shaped. Whereas the actual hybrid nuclear DNA levels show a distribution similar to the theoretical expectation, only the early cell cycle values correspond with those predicted. Since the theoretical hybrid nuclear DNA distribution was calculated assuming no "4N incorporation lag into 15N DNA, and there was a one-fourth generation lag ( "5N-labeled cells grown for onehalf generation in "4N medium should contain 66% hybrid nuclear DNA, however, the unfractionated cell population contained only 40% hybrid nuclear DNA), the discrepancy between predicted and observed values probably reflects the "4N incorporation lag into "5N-labeled nuclear DNA. Possibly, the fractionation of the cell population on the zonal rotor unmasked the lag distribution for "4N incorporation into nuclear DNA across the cell cycle. Little is known about DNA precursor pool fluctuations during the mitotic cycle, therefore, accurate predictions of "4N incorporation lag into nuclear DNA during this experiment cannot be made at this time. Perhaps future experiments will shed some light on these observa'tions.
Mitochondrial DNA Synthesis. In contrast to the nuclear 14N incorporation pattern which displayed a large fluctuation across the rotor, mitochondrial DNA "4N incorporation was relatively constant through the cell cycle (Fig. 6) . The line depicted in Fig. 6 The following assumptions were made for these theoretical distributions. (i) Fraction number was proportional to cell age; (ii) nuclear DNA replication occurred in fractions 2 through 5; (iii) mitochondrial DNA was replicated completely and at a constant rate only during the cell cycle stage in question; and (iv) there was no 14N incorporation lag into mitochondrial DNA at any portion of the cell cycle. For example, cells in fraction 44 were about the age of cells in fraction 26 (0.50 generation younger) when the medium was changed, and were already through G1 and S, and 3.9% of G2. If mitochondrial DNA were replicated only in G1 or during S-phase, fraction 44 throughout the cell cycle. Our data (Fig. 6, 7) appears to fit the continuous model. However, the 14N levels predicted for each sample are higher than the observed values suggesting a 14N incorporation lag into "5N-labeled mitochondrial DNA in every cell fraction. The (Fig. 8) could replicate at discrete intervals, but at the total population level replication would span the entire mitotic cycle. Because mitochondrial DNA replication in S. cerevisiae is accompanied by a dispersive mechanism (Sena, Ph.D. thesis, 1972; 29) and no discrete 15N:'5N or 15N:14N peaks are observed from mitochondrial DNA which has incorporated 14N when the DNA is banded isopycnically, our data cannot discriminate between these alternatives. That we see no 15N: 15N shoulder on any mitochondrial peak (even when the CsCl gradients are over-loaded for the nuclear component) suggests that label dispersion is very rapid. Because all the zonal samples displayed a unimodal peak (Fig. 4) (18) , periodic enzyme activity during the cell cycle does not necessarily reflect periodic mitochondrial growth. A similar argument applies for cytochrome oxidase; although the enzyme is localized in mitochondria, it is composed of both nuclear and mitochondrially coded components (7, 16) . Furthermore, no data concerning the actual amount or percentage mitochondrial DNA during the cell cycle was presented by these authors. Accordingly, we suggest that their conclusions concerning the temporal mitochondrial DNA replication pattern are at best tentative or somewhat premature in view of the data reported. By measuring the 3H and 32p label incorporation into "4C-labeled nuclear and mitochondrial DNA during the cell cycle, Wells (28) concluded that mitochondrial DNA was synthesized concomitantly with nuclear DNA. However, closer scrutiny of the results indicates that mitochondrial DNA incorporated some label throughout the cell cycle. It is possible that his particular strain does show an increased level of mitochondrial DNA synthesis in S-phase. It may be emphasized that our data does not rule out this possibility, but it is also true that not all synthesis occurs in S-phase. Additionally, if all mitochondrial DNA is synthesized during Sphase, as concluded by Wells, the mitochondrial DNA percentage should remain relatively constant during the cell cycle, and not increase in the later cell cycle fractions, as was published. We feel there are alternative conclusions to the data presented. A novel approach to studying DNA synthesis was taken by Dawes and Carter (9) . They used the level of nitrosoguanidine-induced cytoplasmically inherited oligomycin-and erythromycin-resistant mutants to probe mitochondrial DNA replication during the cell cycle. The basic assumption in this approach is that nitrosoguanidine mutagenesis occurs principally at the replication fork. However, because nitrosoguanidineinduced mutations in eukaryotes may arise independently of DNA replication (1) 
